Microwave of known amplitude and frequency, irradiating the junction of a low temperature scanning tunneling microscope, was found to induce a dc signal. This rectification current is spatially localized and exhibits chemical sensitivity at the atomic scale. Dependence of the rectification current on the sample bias voltage reveals spin splitting in the electronic state of a single Mn atom and vibrations of single MnCO molecule. These results demonstrate the feasibility of atomic scale nonlinear spectroscopy and the potential for the detection of resonance phenomena excited with a spatially extended electromagnetic wave. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2159491͔ Rectification, the change from ac to dc, is a well-known effect in electronics. Rectifying diode is one of the fundamental components in analog and digital electronics. Molecular rectifier was first proposed by Aviram and Ratner in 1974. 1 Since then, intense effort has been invested toward the realization of such molecular rectifiers. 2 Interestingly, carbon nanotubes and silicon nanowires also exhibited rectifying properties when they had defects 3 or junctions. 4, 5 The rectifying properties of these molecules, nanotubes, and nanowires are manifested as asymmetric current-voltage ͑I-V͒ curves. However, no direct measurement of the rectification current associated with single molecules has been reported.
Rectification, the change from ac to dc, is a well-known effect in electronics. Rectifying diode is one of the fundamental components in analog and digital electronics. Molecular rectifier was first proposed by Aviram and Ratner in 1974.
1 Since then, intense effort has been invested toward the realization of such molecular rectifiers. 2 Interestingly, carbon nanotubes and silicon nanowires also exhibited rectifying properties when they had defects 3 or junctions. 4, 5 The rectifying properties of these molecules, nanotubes, and nanowires are manifested as asymmetric current-voltage ͑I-V͒ curves. However, no direct measurement of the rectification current associated with single molecules has been reported.
Here we present quantitative results of rectification current from single adsorbed atoms and molecules due to microwave irradiation of the scanning tunneling microscope ͑STM͒ junction. It was suggested in 1987 that laserrectification in STM could be used to measure the tunneling time. 6 Two years later, preliminary results were reported, and a tunneling time was derived. 7 In retrospect, the dc current induced by 1.06 m laser irradiation of a silicon sample was most likely due to the surface photovoltage effect. 8, 9 In 1990, Kuk and co-workers observed small variations in laserinduced surface photovoltage on Si͑111͒ −7ϫ 7 with STM and tentatively attributed it to rectification. 9 Two years later, with improved instrumentation, Kochanski and Bell found that the small variations were systematic errors. 10 Also in the early 1990's, the Walther group reported STM observation of rectification current induced by 9.3 m laser. [11] [12] [13] However, in a recent study using 1.3 m laser, Walther and co-workers concluded that the laser-induced dc current was dominated by thermocurrent. 14 The study of rectification induced by 670 nm laser also found that the data contained substantial thermal contribution. 15 In addition to rectification, the nonlinearity of the STM junction also leads to the generation of higher harmonics, [16] [17] [18] [19] [20] as well as the difference and sum frequencies ͑mixing͒. [11] [12] [13] [14] 21, 22 In this paper, the rectification current was measured from single Mn atoms and MnCO molecules adsorbed on NiAl͑110͒. The NiAl͑110͒ surface and W probe tips were cleaned by Ne + sputtering and annealing in ultrahigh vacuum. Low coverages of Mn atoms were evaporated onto the sample at 18 K, followed by CO dosage. Some CO molecules are bonded to the adsorbed Mn atoms to form MnCO. 23 The experimental arrangement is shown schematically in Fig. 1 . The continuous wave microwave from a generator was first amplified ͑+41 dB͒, and then fed into a directional coupler. The reflected wave was monitored by an oscilloscope and minimized by adjusting the stub tuner. A square wave from the function generator modulated the microwave before the radiation was delivered to the STM junction via a two-turn coil. A lock-in amplifier was used to detect the change in the dc tunneling current induced by the microwave. Inset 1 ͑circle͒ shows a zoom-in view of the coil, tip, and sample. Inset 2 ͑rectangle͒ shows the time traces of the dc tunneling current ͑upper trace͒ and the control voltage ͑lower trace͒ measured simultaneously on a Mn atom with the feedback turned off. The amplitude of the microwave signal from the generator was V IN =5 mV ͑rms value, similarly for V J and V M introduced below͒, at a frequency of 800 MHz. 24 The amplified microwave was amplitude modulated by turning it on and off with the control voltage at a frequency of 200 Hz. The dc tunneling current is modulated with an added square wave component and assumes two levels: 1.0 nA when microwave is off ͑control= 0 V͒ and 1.2 nA when microwave is on ͑control= 5 V͒.
There are two possible origins of this increase in dc tunneling current with microwave irradiation: rectification versus thermal effects. The microwave with V IN = 5 mV caused a temperature increase of about 25 mK as measured with a Si diode attached to the STM, and a noticeable thermal drift. To minimize thermal contribution, the data were measured after a͒ On leave from Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, Republic of Korea.
b͒ Author to whom correspondence should be addressed. Electronic mail: wilsonho@uci.edu the temperature had equilibrated to a new steady state and the drift had subsided. We observed strong spatial dependence of the difference between the two current levels: as soon as the STM tip was moved away from the Mn atom, the current difference disappeared. Furthermore, this current difference was sensitive to the sample bias. The current with the microwave on could even be made less than that with the microwave off by tuning the sample bias. These spatial and sample bias dependences are difficult to explain by thermal effects. In contrast, they can be accounted for by the rectification current caused by a single adsorbed Mn atom ͑see Fig.  3 and explanation below͒.
A quantitative analysis of the rectification current requires a calibration of the microwave amplitude in the junction. The total sample bias is V B + ͱ 2V J cos͑t͒, where V B is the applied dc sample bias and V J is the rms amplitude of the induced voltage difference between the tip and the sample at the microwave frequency /2 = 800 MHz. 24 Electron tunneling is a very fast quantum mechanical process, with estimated traversal time on the order of 10 −15 second across the STM junction. 25 In the present experiment, using microwave below 2 GHz, the tunneling current is expected to follow changes in the total sample bias and becomes timedependent. The current preamplifier, however, has a bandwidth of 4 kHz and thus filters out signals at 800 MHz and all higher harmonics. Its output is dc, corresponding to the time-averaged tunneling current: 
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The function in the integrand, I(V), has the same form as the static I-V characteristics measured in the absence of microwave, but with a time dependent argument. This provided a method of calibration. The measured ‫ץ‬I(V B , V J ) / ‫ץ‬V B spectra for a single Mn atom adsorbed on NiAl͑110͒ for different V IN and without amplitude modulation are shown in Fig. 2͑a͒ . In the absence of microwave ͑V IN =0͒, the ‫ץ‬I(V B , V J ) / ‫ץ‬V B spectrum is equivalent to dI / dV and has a narrow peak at 2.0 V and a broad peak at 1.3 V, associated with the spin splitting of Mn sp states from magnetic interaction with its d electrons. 26 As V IN is increased, the peak at 2.0 V becomes broader and eventually splits into two. This splitting is due to rectification of the microwave in the junction. Figure 2͑b͒ shows the measured data and the fit ͑line͒ following Eq. ͑1͒ for V IN = 5 mV, from which the corresponding V J can be extracted. Similar fitting agreement is obtained for the other spectra. A plot of the extracted V J versus V IN is shown in Fig.  2͑c͒ , yielding a slope 45.5 from the best linear fit. 27 The sample bias dependence of the rectification current is compared with the d 2 I / dV 2 spectra taken under equivalent conditions. Because of the small amplitude of microwave, the resulting temperature increase was within several mK. Thermal drift was negligible, and the results do not contain thermal contributions. In Fig. 3͑a͒ , an STM image with two Mn atoms is shown ͑inset͒ as well as the I-V characteristics measured on ͑solid line͒ and off ͑dashed line͒ a Mn atom. The corresponding rectification and d 2 I / dV 2 spectra are shown in Figs. 3͑b͒ and 3͑c͒ , respectively. We can see in Fig.  3͑b͒ that the rectification spectra measured on and off the adsorbed Mn atom are distinctly different, demonstrating that the rectification process retains the high spatial resolution of STM, despite the spatially extended microwave radiation. We can also see that the rectification spectrum of a single Mn atom follows closely the d 2 I / dV 2 spectrum, including the fine structures.
The explanation for the rectification current following d 2 I / dV 2 signal is contained in Eq. ͑1͒. In the limit of small V J , a Taylor series expansion of the integrand about V B can be carried out. The integration up to the second order in V J yields
It follows from Eq. ͑2͒ that the leading term for the rectification current I R is proportional to 
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Atomic-scale rectification at microwave frequency J. Chem. Phys. 124, 021105 ͑2006͒ current and the d 2 I / dV 2 spectrum were measured independently. The fact that they quantitatively agree with each other confirms the identification of the microwave-induced dc current as the rectification current and the validity of our analysis. In addition, we have verified experimentally that I R scales with V J 2 over the range of V J from 0 to 50 mV. The rectification spectra measured off ͑curve 1͒ and on ͑curves 2 and 3͒ two different MnCO molecules are shown in Fig. 4͑a͒. In Fig. 4͑b͒ , the background NiAl͑110͒ spectrum has been subtracted from the two MnCO spectra. The corresponding d 2 I / dV 2 spectra measured off ͑curve a͒ and on ͑curves b and c͒ the same MnCO molecules and the background-subtracted d 2 I / dV 2 spectra are shown in Figs. 4͑c͒ and 4͑d͒, respectively. 28 It can be seen that the rectification spectra and d 2 I / dV 2 spectra quantitatively agree with each other. In Figs. 4͑b͒ and 4͑d͒ , the peaks occur at essentially the same bias voltages ͑the spectra were obtained with 2.5 mV steps͒. The d 2 I / dV 2 spectrum has been shown to be sensitive to inelastic electron tunneling and peaks appear when the tunneling electrons have energy equal to that of an active vibrational mode of the molecule in the junction. 29 These results demonstrate that the rectification current is sensitive to inelastic electron tunneling through a single molecule.
We note that, in the present experiment, the information revealed by the rectification current is identical to that in the conventional d 2 I / dV 2 spectrum. However, in other phenomena such as electron spin resonance, changes are expected in the rectification current associated with microwave absorption. Since such changes are likely to be small, quantitative understanding of the rectification current in the present nonresonance case will prove crucial in the identification of those small changes.
In conclusion, microwave irradiating the STM junction gives rise to an electric field in the junction and a corresponding voltage difference between the tip and the atom or molecule on the surface. The adsorbed species is driven by this induced field and voltage, leading to a rectified dc current that reflects the intrinsic properties of the adsorbed atom or molecule, and in the present experiments, the spin split atomic electronic states and molecular vibrations. These results represent the first direct, quantitative measurement of the rectification current due to single atoms and molecules.
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